Abstract-We
A hallmark of coherent discourse is the recurrence and interrelations of key concepts. To build a similarly coherent mental representation, readers and listeners must identify those recurring concepts and have a means for mentally interrelating them; we call this cognitive process mapping (Gernsbacher, 1990) . In the experiment reported here, we used functional magnetic resonance imaging (fMRI) to identify brain regions underlying this putative cognitive process of mapping.
We isolated the cognitive process of mapping during discourse comprehension from lower-level sentence-comprehension processes (e.g., letter recognition, word identification, syntactic parsing) by manipulating a subtle marker of discourse coherence: the definite article the. In languages that employ an article system, the definite article signals repeated reference. Consider the two series of sentences in Table 1 . The series on the left contains only indefinite articles (a, an, and some), whereas the series on the right contains only the definite article, the. The sentences on the left seem less related to one another, more independent; the sentences on the right seem more coherent and interrelated.
Behavioral data confirm these intuitions. The same sentences are read more rapidly (Haviland & Clark, 1974) , recalled in a more integrative fashion (Gernsbacher & Robertson, in press) , and rated as more coherent (de Villiers, 1974) when their articles are definite rather than indefinite. Moreover, sentences with definite articles produce a priming-in-item-recognition phenomenon. After several series of sentences with definite articles have been read, recognition memory for a sentence is facilitated if it is preceded by another sentence from the same series. This priming, which is not evident if the sentences contain only indefinite articles, suggests that a more interrelated and coherent mental representation is fostered by the definite article (Gernsbacher & Robertson, in press ). We have suggested that the definite article the is a cue to discourse coherence, which serves as the basis for the cognitive process of mapping (Gernsbacher, 1997; Gernsbacher & Robertson, in press ). When readers encounter the definite article, it cues them to map a representation of the current information onto a representation of previous information.
The general cognitive process of mapping most likely comprises several discourse-level structure-building operations (e.g., coreference, alignment, integration), and discourse coherence can certainly be cued by devices other than the article system. We chose to manipulate the article system to assay a general cognitive process of mapping because the manipulation involves altering only one word.
Participants read series of sentences in which all the articles were definite (the), thus signaling the recurrence and interrelation of concepts (i.e., connected discourse) and enabling the cognitive process of mapping, or all the articles were indefinite (a, an, some). The participants also alternated between reading series of sentences and viewing series of nonletter character strings (e.g., @#$ ‫%%$/@&گ)‬ ‫}סס@‬ ‫∼گ‬ ‫/ס‬ '$/). We used fMRI to identify regions of neural activity associated with comprehending connected discourse (sentences containing the definite article) versus comprehending unconnected discourse (sentences containing only indefinite articles). During periods of increased neural activity in the brain, the local ratio of oxygenated to deoxygenated hemoglobin increases (Malonek et al., 1997) , resulting in an increase in the MR signal (Ogawa et al., 1992) . Regions of increased neural activity are determined by statistical analysis.
METHOD Participants
Eight neurologically normal participants (4 female) participated in exchange for payment. All participants answered "right-hand" to every question on the Chapman and Chapman (1987) handedness questionnaire. Two participants contributed data to only the first two blocks.
Stimuli and Design
We constructed numerous sets of sentences, based on the one set presented by de Villiers (1974) and the sets presented in our earlier work (Gernsbacher & Robertson, in press ). (Two example sets are shown in Table 1 , and all the stimuli can be seen on the World Wide Web at http://psych.wisc.edu/lang/material.html.) Each set comprised 16 sentences and totaled 140 (±2) syllables. The experiment presented three blocks; during each block, the participant viewed 11 sets of sentences and nonletter character strings. During the first block, sets of sentences containing only indefinite articles were alternated with sets of nonletter strings. During the second block, sets of sentences containing only the definite article were alternated with sets of sentences containing only indefinite articles; during the third block, sets of sentences containing only the definite article were alternated with sets of nonletter strings. The nonletter strings were derived from the sentences by replacing all letters with nonletter characters, retaining interword spacing, and equating for length. For the block that alternated reading sets of sentences with indefinite versus definite articles, two versions of each set of sentences were constructed-one version with only the definite article and one with indefinite articles; each participant was presented with only one version of each set, and the versions were counterbalanced across participants. Block order was held constant for all participants to minimize possible carryover effects (e.g., interpreting sentences that contained indefinite articles as more "storylike" after experiencing sets of the storylike sentences containing the definite article).
Procedure
Prior to scanning, participants were acclimated to the environment and procedures in a mock MR scanner. Stimuli were displayed with fiber-optic goggles (Avotec, Inc., Jensen Beach, Florida). Sentences were displayed one whole sentence at a time. Display time per syllable was equalized. Each set lasted for 48 s (i.e., an average rate of 0.34 s/syllable). Head movements were restricted by use of a padded head coil and a dental impression bite-bar. Estimated head movements were less than 1 mm within a block and less than 2 mm over the whole scan session. Participants were instructed to read the sentences; no mention was made of the sentences potentially composing narratives. For the nonletter character strings, participants were instructed to visually scan the lines. After each block, participants performed a recognition test, judging whether test sentences were "old" or "new"; no image data were collected during the recognition tests.
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Scanning Protocol
Functional images were collected in the coronal plane using a gradient-echo, echo-planar imaging sequence sufficient to cover the whole brain (echo time/repetition time ‫ס‬ 50/3,000 ms, 64 × 64 matrix, field of view ‫ס‬ 240 mm, slice/gap ‫ס‬ 7/1 mm, flip angle ‫ס‬ 90°, 23 interleaved slices). A total of 191 images was collected for each slice in each block. The first 5 non-steady-state images were excluded from analysis to allow for signal stabilization. Additional highresolution, T1-weighted spin-echo images in the coronal plane, directly corresponding to the functional images, and a three-dimensional image volume (256 × 256 × 124, Spoiled Gradient Recalled) were collected prior to the functional scans.
Data Processing
The data were analyzed with Statistical Parametric Mapping (SPM96) software (Wellcome Department of Cognitive Neurology, London, United Kingdom) implemented in Matlab (Mathworks, Inc., Sherborn, Massachusetts). SPM96 combines the general linear model (to create the statistical map, or SPM) and the theory of Gaussian fields to make statistical inferences about regional effects while controlling for multiple comparisons (Friston, Worsley, Frackowiak, Mazziotta, & Evans, 1994; Friston et al., 1995; Worsley, Evans, Mar- 1. Average correct response was 83%, with no statistically reliable differences. We did not predict a difference on this gross measure of recognition memory because in another study (Gernsbacher & Robertson, in press) we found no differences in the quantity of sentences recalled by participants who read them with definite versus indefinite articles; we found striking differences in the forms of the sentences recalled (reading sentences with definite articles led participants to recall more integrative sentences, more synonym substitutions, and more insertions of pronominal anaphora, all of which are discourse markers of greater coherence). The child played in the backyard. A mother talked on a telephone.
The mother talked on the telephone. A husband drove a tractor.
The husband drove the tractor. A grandchild walked up to a door.
The grandchild walked up to the door. A little boy pouted and acted bored.
The little boy pouted and acted bored. A grandmother promised to bake cookies.
The grandmother promised to bake cookies. A wife looked out at a field.
The wife looked out at the field. Some dark clouds were rapidly accumulating.
The dark clouds were rapidly accumulating. A mother worried about a harvest.
The mother worried about the harvest. A grandfather opened a door.
The grandfather opened the door. Some rain began to pour down.
The rain began to pour down. A day's work ended early.
The day's work ended early. A grandmother tried to lighten a mood.
The grandmother tried to lighten the mood. An elderly woman led some others outside.
The elderly woman led the others outside. A family ran through a wet field.
The family ran through the wet field.
rett, & Neelin, 1992). Data were realigned using the first scan of the experiment as a reference, spatially normalized to a standard stereotactic space approximating the Talairach and Tournoux (1988) atlas, and smoothed (spatially using an isotropic Gaussian kernel, 5-mm full width at half maximum [FWHM] , and temporally using a 2.8-s FWHM kernel). Analyses were conducted using a 6-s delayed boxcar corresponding to the task paradigm, using proportional global scaling, treating subjects as fixed effects.
To test the hemispheric asymmetry of neural activity for the block comparing sentences containing the definite article with sentences containing indefinite articles, we calculated activation maps using a three-parameter least squares fitting procedure (cf. Sorenson & Wang, 1996) . Anatomical regions of interest were selected using T1-weighted high-resolution images as an underlay to the activation maps, and were defined for the frontal lobe as the seven most anterior coronal slices. To avoid regions of the temporal lobe that showed signal loss due to susceptibility artifact, we considered only the first three slices of the temporal lobe. No statistically reliable hemispheric differences were detected in the temporal regions.
We computed an activation index by counting the number of voxels with signal change exceeding a threshold (t Ն 2, p < .05, uncorrected), excluding the two columns of voxels adjacent to the longitudinal and Sylvian fissures, and deriving the mean t-statistic value of these voxels. This value was then divided by the total number of voxels in the volume. Activation indices were statistically compared using region, hemisphere, and sex as predictors (for similar approaches, see Bavelier et al., 1997; Pugh et al., 1996) . We did not detect any effect of or interactions with sex.
RESULTS
Functional Neuroanatomy of Sentence Reading
Analyses of the two blocks that alternated reading sentences with viewing nonletter strings allowed us to identify neural regions involved in reading sentences, while equating approximately for visual stimulation. As shown in Figure 1 and Table 2 , these comparisons produced robust regions of activation in the left hemisphere, extending from the angular gyrus rostrally to the left anterior temporal pole along the middle temporal gyrus. A smaller region of activation was also observed in the right hemisphere. These results corroborate other brain-imaging studies of sentence reading (Bavelier et al., 1997; Helenius, Salmelin, Service, & Connolly, 1998; Just, Carpenter, Keller, Eddy, & Thulborn, 1996) , and are suggestive of a language-processing circuit primarily localized to the left hemisphere.
Functional Neuroanatomy of the Cognitive Process of Mapping
Analyses of the block that alternated reading sentences containing the definite article with reading sentences containing indefinite articles allowed us to identify neural regions involved in comprehending connected discourse. This manipulation isolated the cognitive process of mapping from basic sentence-reading processes. Indeed, the comparison of reading sentences with definite articles versus indefinite articles revealed virtually no differences in activation in the lefthemisphere regions that are typically thought to underlie sentence processing and that we identified in the comparisons of sentence versus nonletter-string blocks. Instead, differential activation was observed in frontal regions, particularly in the right superior and medial frontal gyri. Table 3 shows that the two most prominent clusters of activation for sentences with definite articles were in the right hemisphere of the frontal lobe, whereas the two most prominent clusters of activation for sentences with indefinite articles were in the left hemisphere.
To statistically assess the hemispheric asymmetry, we computed an activation index for each hemisphere in seven homotopic regions of the frontal lobe based on activation maps calculated for each participant while reading sentences with definite articles and while reading sentences with indefinite articles. These regional activation-index values were analyzed in a hemisphere-by-region repeated measures analysis of variance, which revealed greater activation in the right than the left frontal lobe during the reading of sentences containing the definite article, 2 as indicated in Figure 2 . Note that whereas there was marginally greater right-hemisphere activation for sentences with 2. We interpreted increases in MR signal during the reading of sentences with definite articles compared with the reading of sentences with indefinite articles as reflecting increased right-frontal neural activity reflecting the mapping process. However, according to the strict statistical threshold presented in Table 3 , no significant right-frontal activity was observed in the blocks that alternated between sentences and nonletter strings, so it could be that reading sentences with definite articles does not result in increased activity relative to a low-level baseline. In another neuroimaging study, we observed increased activity in this region for reading sentences that promote mapping relative to a low-level baseline task (Robertson, Gernsbacher, & Guidotti, 1999) . The data from this study are equivocal in that respect; as with any observed difference between two experimental treatments (either physiological or behavioral mea- Note. Coordinates are estimated locations of the primary maxima in stereotactic space. All regions are statistically reliable based on peak height of 3.09 (p < .001, uncorrected) and spatial extent (p < .05, corrected). The eight clusters with the greatest primary maxima for positive activations and the five greatest deactivations are reported for both blocks. For the comparison of sentences with indefinite articles versus nonletter character strings, N ‫ס‬ 8, df ‫ס‬ 612, smoothness full width at half maximum ‫ס‬ 6. 3, 8.8, 6.4 
DISCUSSION
We observed that the cognitive process of mapping during discourse comprehension was accompanied by more neural activity in the right than the left hemisphere. This observation challenges conventional beliefs about language lateralization. All early theories of brain organization emphasized left-hemisphere dominance for language, most likely because most aphasias are associated with lefthemisphere lesions. Recent neuroimaging studies have buttressed the long-held belief about left-hemisphere dominance for language by reporting greater left-hemisphere activation during language tasks (Bavelier et al., 1997; Helenius et al., 1998; Just et al., 1996; Price, 1997; Pugh et al., 1996) .
However, people with right-hemisphere lesions experience difficulty processing more complex language, particularly the pragmatic (intentional), prosodic (intonational), figurative, and idiomatic aspects of discourse (Brownell, Carroll, Rehak, & Wingfield, 1992; van Lancker & Kempler, 1987; Winner & Gardner, 1977; Zaidel, Zaidel, Oxbury, & Oxbury, 1995) . Further, increased right-hemisphere activity has been reported during discourse tasks such as judging the aptness of metaphors (Bottini et al., 1994) or evaluating each sentence's fit in an ongoing narrative (Robertson, Gernsbacher, & Guidotti, 1999) , compared with tasks requiring only simple sentence judgments.
Based on the neuropsychological and psycholinguistic literatures, we did not expect to identify a single brain location per se underlying the cognitive process of mapping during discourse comprehension. 3 We did expect to find frontal lobe involvement because frontal lobe damage is often associated with a reduced ability to generate mental representations of situations, and the right frontal lobe is hypothesized to be dominant for allocating internal attention (Knight & Grabowecky, 1995) . Allocating internal attention must be an important subcomponent of the process of mapping (e.g., interpreting the definite article as a discourse cue to direct attention to previous information). Thus, our finding of right-frontal dominance for the cognitive process of mapping is consistent with the literature, despite its apparent contradiction of traditional accounts of left-hemisphere dominance for language processing.
Although many psychologists are skeptical that knowing the answer to "where?" will illuminate the answer to "how?" we feel optimistic that studying functional neuroanatomy will help us investigate surements), one cannot tell if the difference is an increase for one treatment or a decrease for the other. The interaction between article and hemisphere, rather than main effect, is of primary concern for this report.
3. One region implicated in the mapping process for most of our participants' single-subject analyses is Brodmann's Area 8, which has been reported as activated during the comprehension of stories (Mazoyer et al., 1993) , tasks that require judgments about characters' mental states (Fletcher et al., 1995) , and narrative comprehension (Robertson et al., 1999) . Fig. 2 . Activation for sentences with the definite article compared with sentences with indefinite articles. Activations are shown for seven regions in the left and right hemispheres separately. The lines on the inlay are approximate centers of the regions analyzed. Units are the mean proportion of voxels in each hemisphere that were activated, multiplied by the mean t-statistic value. *p < .05, **p < .01 (using Greenhouse-Geisser adjustment). cognitive processes. For example, our finding of right-hemisphere frontal dominance for our putative process of mapping suggests that mapping definite reference is more related to episodic memory retrieval than episodic encoding or semantic retrieval, according to neuroimaging studies (Gabrieli et al., 1996; Nyberg, Cabeza, & Tulving, 1996; Tulving, Kapur, Craik, Moscovitch, & Houle, 1994) . Such speculations, of course, await further behavioral and neuroanatomical investigations.
Our results demonstrate that altering a single word in the language input can result in qualitatively different activity in the brain, provided that single word carries an important cue for comprehension processes. Thus, our results demonstrate the efficacy of using neuroimaging techniques to test psychological hypotheses about higher-order cognition.
